Two differing theories aim to describe fluidic thermophoresis, the movement of particles along a temperature gradient. While thermodynamic approaches rely on local equilibrium, hydrodynamic descriptions assume a quasi-slip-flow boundary condition at the particle's surface. Evidence for slip flow is presented for the case of thermal gradients exceeding ðaS T Þ À1 with particle radius a and Soret coefficient S T . Thermophoretic slip flow at spheres near a surface attracts or repels tracer particles perpendicular to the thermal gradient. Moreover, particles mutually attract and form colloidal crystals. Fluid dynamic slip explains the latter quantitatively. DOI: 10.1103/PhysRevLett.101.168301 PACS numbers: 82.70.Dd, 82.40.Ck Thermophoresis in water moves particles and molecules along a temperature gradient [1] [2] [3] . Typically, the particle velocity v is assumed to be a linear function of the temperature gradient rT: v ¼ ÀD T rT, with the thermophoretic mobility D T ¼ S T D, where the Soret coefficient is S T and the diffusion coefficient is D. Several competing models have been proposed to describe the microscopic cause [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Recent experiments aim to distinguish between the models [18] [19] [20] [21] .
Thermophoresis in water moves particles and molecules along a temperature gradient [1] [2] [3] . Typically, the particle velocity v is assumed to be a linear function of the temperature gradient rT: v ¼ ÀD T rT, with the thermophoretic mobility D T ¼ S T D, where the Soret coefficient is S T and the diffusion coefficient is D. Several competing models have been proposed to describe the microscopic cause [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Recent experiments aim to distinguish between the models [18] [19] [20] [21] .
For small temperature gradients, the thermophoretic movement of polystyrene beads and DNA has been predicted quantitatively in the limit of a thin Debye layer, which is given by a > 3, where a is the hydrodynamic radius and is the Debye shielding length [8, 10] . It was argued that the movement is the result of local equilibration driven by the thermal fluctuations of the particles [4] [5] [6] [7] [8] [9] [10] . However, such a local equilibrium model is expected to break down for thermal gradients exceeding the following condition [7] [8] [9] :
rT > D=aD T :
At larger thermal gradients, Marangoni-like quasislip on the particle surface is likely to dominate [11] [12] [13] [14] [15] [16] [17] . However, this regime is experimentally difficult to access. We devised two experimental strategies. In both cases, a cooling solid wall created a strong thermal gradient in the adjacent water film perpendicular to the surface. We probed the slip flow near the beads with smaller tracer particles, and we investigated how the hydrodynamic interaction between equal-sized particles leads to mutual attraction parallel to the surface.
In both cases, we found particle movement parallel to the wall although an insufficiently strong thermal gradient exists along this direction to cause the observed behavior. These findings cannot be explained with a local equilibrium approach, as the energy gradient parallel to the solid support is not sufficient to create the particle movement. However, the hydrodynamic interaction of the thermophoretic slip flow, which is deflected by the solid support, is responsible for the observed particle movement, as shown below.
At a gradient smaller than the criterion from Eq. (1), particle fluctuations dominate, and no attraction or tracer movement parallel to the wall is found. This does not contradict an explanation based on thermophoresis with local equilibrium [7, 8, 10] . Our finding of fluid flow at strong thermal gradients points towards an interesting transition in thermophoresis near the thermal gradient given by Eq. (1).
Materials and methods.-Water was homogeneously heated in a thin chamber (10-25 m) by an infrared laser scanning microscope (1455 nm, 300 mW; for details, see [22] ). The laser was uniformly scanned across a rectangular area using a moderately focused beam (diameter 80 m). The horizontal chamber temperature was imaged with a fluorescent dye [8, 9] and checked for homogeneity. The vertical thermal gradient is derived from thermal conductivities of the chamber materials: insulating plastic on top ( ¼ 0:16 W=mK) and cooling sapphire at the bottom ( ¼ 34 W=mK). Typically, thermal gradients in the range of 0:2-0:7 K=m are generated at the sapphire surface, and the fluid temperature is increased by less than 5 K. To confirm that optical trapping effects were absent, we used heavy water which is 100-fold less absorbing than water. In this system, the thermal gradients are equally reduced. All observed effects were reversible; after switching off the heating, the particles diffused freely again.
Tracer particle attraction and repulsion (Fig. 1 ).-We used small tracer particles (0:5 m diameter, F-8888, Molecular Probes) to probe the possible fluid flow in the vicinity of larger particles (10 m diameter). The latter were made from either polystyrene (F13838, Molecular Probes) or silica (PSI-10.0, Kisker) which show a positive and negative Soret coefficient under these conditions, respectively. The tracer particles (S T ¼ 8:9 K À1 ) are also subjected to downward thermophoresis in a thermal gradient of rT ¼ 0:24 K=m in a 25 m thick chamber filled with saline-sodium citrate buffer (15 mM NaCl and
week ending 17 OCTOBER 2008 1.5 mM sodium citrate at pH 7.8) (Fig. 1 ). Tracer particles accumulated near a 10 m polystyrene particle, where an upward directed slip flow was expected. The tracer particles were depleted from the area around the 10 m silica particles, which had a negative Soret coefficient, thus indicating a downward slip flow [Figs. 1(c) and
Crystallization (Fig. 2 ).-In the above experiment, the 10 m particles sedimented due to their weight. Smaller particles with a positive Soret coefficient can be moved to the cold surface by the thermal gradient. As a result of their surface-generated slip flows, the particles subsequently attract one another [ Fig. 2(a) ]. To probe this, we imaged 1 m diameter polystyrene particles, which normally experience repulsive interactions with each other (10 pM, F-8823, Molecular Probes) in 100 M tris(hydroxymethyl)aminomethane hydrochloride buffer (pH 7.8) inside a 10 m thin plastic-sapphire chamber. Without thermal gradients, the particles diffused freely with a sedimentation length of L ¼ kT=F pot ¼ 15 m, where F pot is the gravitational force [ Fig. 2(c) , inset]. After switching on a thermal gradient of 0:65 K=m [ Fig. 2(b) ], the thermophoretic drift decreased the sedimentation length to below L ¼ 1=ðS T rTÞ ¼ 100 nm. As the particles reached the surface, they were attracted to one another within interparticle distances of several micrometers and formed twodimensional crystals [ Fig. 2(c) ].
To exclude influences of optical effects induced by the laser, we externally applied the temperature gradient by cooling the outer top of an all-glass chamber to 14 C while heating its bottom to 60 C [ Fig. 2(d) ]. The temperature difference drops across the glass-water-glass chamber sandwich according to their respective thickness and heat conductivities and subsequently lifts the particles against sedimentation. We calculated a temperature gradient of 0:05 K=m, slightly smaller than the optically applied gradient of 0:28 K=m but still within the criterion (1). We find less densely packed crystals for 2 m polystyrene particles under contact heating as expected from the weaker temperature gradient.
Size dependence.-As seen in Fig. 2 for
rTaS T for the respective particle size were 12, 2.8, and 0.28.
Quantification of the attraction.-In a thermal gradient of 0:28 K=m, we determined the attractive pseudopotential of a particle pair by tracking the interparticle distance distribution parallel to the surface. The usage of ''pseudo'' should imply that the forces are not conservative [23] . Figure 3(a) shows an image of the isolated 2 m polystyrene particles, which were tracked (S T ¼ 43=K, F-8827, Molecular Probes) and found to fluctuate in close proximity. We obtained the pseudopotential difference ÁV of the attraction from the Boltzmann distribution. The number of particles ÁN found within the distance interval ½d; d þ Ád is given by
with average particle density " N [24] . Particle distances were recorded over 1300 s and included stochastic binding and unbinding processes of the particle pair. The resulting pseudopotential ÁVðdÞ from N ¼ 8300 pair distance values is plotted in Fig. 3(b) . The pseudopotential is shifted to zero potential at a distance of 8 m. Beyond this distance, we did not obtain enough data to statistically evaluate the shape of the curve. The attraction well reaches a depth of 5 kT.
Slip-flow boundary condition.-Slip-flow conditions in the Debye layer close to the surface of the particles have been proposed by Ruckenstein [11] and discussed by several authors, including Keyes [12] , Anderson [13] , Morozov [14] , Semenov [15] , Piazza [16] , and Würger [17] . The details of the provided flow fields vary. We will compare our experiments with the flow fields of Piazza and Würger. The authors differ in their treatment of flow at the nanoscale and assume either nonslip flow (Piazza) or quasislip flow (Würger) at the particle-water interface inside the Debye layer. Both solutions are identical for distances r larger than the Debye length and for particles with radius a ) , which is in the regime probed by our experiments.
The Marangoni force tangential to the surface counterbalances the off-diagonal components of the hydrodynamic surface stress [17] . In Cartesian coordinates ðx; y; zÞ, the tangential direction at the surface of the sphere is t ¼ ðÀxz;Àyz;x 2 þ y 2 Þ=ðr ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
Þ and the normal direction n ¼ ðx;y;zÞ=r. With r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
and the fluid velocity v, the surface boundary condition reads explicitly
The temperature dependence of the surface energy given by T ¼ 3D T =a is set to match the thermophoretic mobility D T in free solution within the pseudoslip condition framework. The factor ¼ ð3 S Þ=ð2 S þ P Þ is given by the thermal conductivities of water S ¼ 0:54 W=ðm Á KÞ, polystyrene P ¼ 0:13 W=ðm Á KÞ, and fused silica P ¼ 1:3 W=ðm Á KÞ. The thermophoresis of particles was measured by single particle tracking [8] at similar thermal gradients. The treatment with nonslip in the Debye layer [16] gives the same simulation result. However, it requires a different microscopic parametrization for T to match the measured values of D T .
Finite element calculation.-We carried out the simulation using an industrial finite element solver in 3D (FemLab 3.1, Comsol). Nonslip boundary conditions were used at the bottom sapphire surface. The surrounding box was treated with symmetric boundaries at the symmetry plane between the spheres and neutral flow boundary conditions otherwise. The temperature gradient was calculated using bulk thermal conductivities of the materials. The particle was located above the bottom sapphire at the sedimentation length kT=F with a downward force F from thermophoresis and gravitation. We iteratively adapted the surface slip-flow condition to meet Eq. (3) within a relative error of 10%. The flow lines and the thermal gradient for a solution with a particle distance of 4:6 m are depicted in Fig. 3(c) . A simulation of a single particle without nearby surfaces reproduced the analytical drift solution of Ref. [17] .
We calculated the total hydrodynamic forces on the surfaces d of one particle, which is subjected to the fluid flow, induced by a second particle. The x component of the 
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with the pressure p, viscosity , velocity field v, and normal vector n [25] . By integrating F x ðdÞ for a set of particle distances d, we obtained the pseudopotential of the particle attraction VðdÞ. Both the experimentally and theoretically obtained pseudopotentials flatten out into noise levels for distances beyond 8 m. As shown in Fig. 3(b) , the calculated pseudopotential fits the experimentally determined potential in ample detail without fitting parameters. Thus the particle attraction can be quantitatively understood based on the hydrodynamic interaction induced by thermophoretic slip flows. Discussion.-Particle attraction is not expected from a thermodynamic viewpoint of thermophoresis. As the thermally insulating particles are not heated by laser absorption, we find 100-fold smaller thermal gradients parallel to the surface compared to the perpendicular gradient, as calculated from heat conduction [ Fig. 3(c) ]. These residual parallel gradients would lead to a minor thermophoretic repulsion for S T > 0 in contradiction with the attractive forces found experimentally.
The reported hydrodynamic attraction differs fundamentally from previously reported experiments [26] . There, thermal convection was externally triggered and particle crowding lead to crystallization. Comparable colloidal crystals from large scale fluid flow were also found at the chamber surface after experiments on thermodiffusionassisted convection [27] . In contrast, we report particle attraction solely driven by a highly localized flow from the particles under convection-free conditions. The driving mechanism also differs from hydrodynamic attraction in sedimentation [28, 29] or during electrophoretic deposition [30] [31] [32] , where the mutual attraction is predominantly driven by an electro-osmotic fluid flow at the barrier surface [32] rather than on the particle surface. The reported particle attraction in a thermal gradient is likely to disturb thermal field flow fractionation for large particles [18] . Temperature gradients on a surface can be structured by patterning the thermal conductivity of the substrate, allowing for considerable technical applications such as the formation of photonic crystals [33] or biomolecule detection.
Conclusions.-At sufficiently large temperature gradients, we found direct evidence for slip-flow models of thermophoresis. Ballistic thermophoretic drift frustrated by a solid wall leads to interparticle attraction in contrast to thermodynamic expectations. As a result, we were able to create two-dimensional crystals thermally. Marangonilike slip flow at the particle surface describes the attraction force quantitatively. Our finding argues towards two regimes in thermophoresis depending on the applied temperature gradient.
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